High velocity penetration of a rigid conical impactor into a ductile target with air gaps between the plates is studied using the cylindrical cavity expansion approximation describing impactor±target interaction. It is showed that the latter model predicts improvement of the ballistic performance of the target with the increase of air gaps. It is found analytically that the ballistic limit velocity of the target consisting of N plates with a ®xed total thickness with large air gaps increases with the increase of N. The conditions are discussed when the predicted eects can be most pronounced. Ó
Introduction
An updated review of investigations on subordnance penetration and perforation of multilayered plates can be found in Ref. [1] . The important subject of the investigations in this ®eld is the comparison between the resistance properties of targets with the same total thickness, depending on the layering, the sequence of the plates in the target, the widths of the air gaps between the layers and the shape of the impactor. Since the analysis of these problems is quite involved the latter studies employed experimental investigations and theoretical studies based on simpli®ed models [2±10] . Nevertheless the eect of the air gaps on the ballistic resistance is still poorly understood. Since this eect can depend on the shape of the impactor it is expedient to develop models that allow to describe impactor±target interaction accounting for the impactor's shape.
Semi-phenomenological localized interaction approach [11±13] was used in studying the in¯u-ence of air gaps on the ballistic resistance in Ref. [4] . It was found that such models imply the independence of the ballistic limit velocity upon the sequence of the plates in the target and the widths of air gaps. The present study uses a more physically justi®ed cylindrical cavity expansion approach [14±16] which implies, in a general case, more sophisticated impactor±target interaction models. Analyzed is the in¯uence of air gaps on the ballistic resistance using analytical methods and numerical simulations. The obtained results can be used for further experimental investigations.
Model description
Consider a high speed normal penetration of a rigid impactor into a ductile target of a ®nite thickness with air gaps. The basic notations are shown in Fig. 1 . The coordinate h, the depth of penetration, is de®ned as the distance between the nose of the impactor and the upper surface of the target. The coordinate n is associated with the target. The axis x is associated with the impactor which is a conical body of revolution. Only the nose of the impactor with the length L interacts with the target, and the impactor may have also the cylindrical part with the length l. The radius of the impactor's base is r 0 .
Assume that the target consists of N plates with the thicknesses 1 Y 2 Y 3 Y F F F Y x made from the same material where the ith plate is located between the sections n n i and n n i i , n 1 0Y i 1Y 2Y F F F Y x . The thicknesses of the air gaps between the plates with the numbers i and i+1 is D i n i1 À n i À i i 1Y 2Y F F F Y x À 1 and the total thickness of the target is n x x X The part of the lateral surface of the impactor between the cross-sections x x 1 and x x 2 (see Fig. 1 ) interacts with some layers of the target or is in a contact with some air gaps where (see Fig. 2 )
Assume that the impactor±target interaction can be described by the cylindrical cavity expansion approximation, and the solution of the problem of hole expansion from the time t 0 reads (for details see Refs. [14, 15] )
where is radii of the hole, p a pressure applied in the normal direction at the part of the impactor's surface, coecients j j 0Y 1Y 2 depend on the properties of the material of the target. Using the technique described in Refs. [4, 15] the equation of motion of the impactor can be written as follows:
where w v 2 , v is the impactor's velocity and it is considered to be a function of the depth of penetration h.
where w is the mass of the impactor, c is its density, b r 0 av tan 5Y 5 is the half angle of the apex of the cone. k the friction coecient, " y yav for any variable or parameter y, and dn 1 if n 1 T n T n i i for 1 T i T x and n 0 otherwise.
The ballistic limit velocity v Ã is de®ned as the initial velocity of the impactor required for it to emerge from the target with a zero residual velocity. The equation for v Ã can be determined from solution of Eq. (3):
Analytical consideration
For further analysis it is convenient to represent the integrals in Eq. (4) as follows.
where
In the case of a single plate of thickness 1 WeY "
A monolithic target of thickness R 1 2 Á Á Á x and x plates in contact with thicknesses 1 Y 2 Y F F F Y x are equivalent in the framework of the considered model. Therefore,
In the range " D i P 1D i P vY i.e., when impactor perforates the plates sequentially, the ballistic limit velocity is independent on the widths of the air gaps. In this case
qeY " i X 17
It is interesting that, for large air gaps, the ballistic limit velocity does not depend on the order of the plates in the target. The dierence in the ballistic limit velocities will be studied for the above limiting cases, i.e., determine the sign of the dierence v 
It will be proved that g is always negative, i.e., g`0. In the proof, use will be made of property of a concave function f x, namely, the function p x f x d À f x is an increasing function if d b 0. Case 1: " R T 1X In this case clearly all " i`1 X Then using the above property of the function v it can be written:
Thus g`0X Case 2:
Then there always exist an index i i Ã and a thickness "
and the following estimate is valid.
Then g`0.
Case 4:
Since the ballistic limit velocity does not depend on the order of plates for large air gaps, the above order of the plates can be used for convenience without loss of the generality. In this case
Consider all possible cases. If " m R P 1 then the above analysis of Case 3 applied to the ®rst m plates implies that g 1`0 . The analysis similar to that of Case 2 as applied to plates with the numbers m 1Y F F F Y x implies the following estimate
and g`0 if " m R P 1X Consider the last case when "
Since v 0 z is an increasing function, when z b 0,
Plates of same thickness
Consider the eect of the number of the plates in the spaced target on its ballistic limit velocity if the total thickness of the target " R is given. The analytical investigation will be performed for the case of large air gaps and " R T 1X Consider the following function
where the argument
is assumed to vary continuously in the interval
where v H dvadzX According to the Lagrange theorem, there exists z 0 such that
Since the second derivative is positive, i.e., v HH z 3z 2 a 1 À z
In the numerical simulations, use is made of the following simple model describing the elasticplastic response of the ductile metal target [15] : The results of the numerical simulation support the above theoretical ®ndings for the limit widths of air gaps and allow to generalize these conclusions to the intermediate magnitudes of the air gaps widths, namely, the ballistic limit velocity increases if the widths of the air gaps between the plates increase.
The cavity expansion approximation is justi®ed to a greater extent for slender impactors (conical impactors with small 5). If e ) 1 for small 5, the in¯uence of the air gaps is insigni®cant (Fig. 3) . The air gaps aect more tangibly the ballistic limit velocity if e`1 for small 5 (Fig. 4) . Eq. (9) shows that the latter is valid for relatively large values of coecient 1 which, usually, is proportional to the density of the material of the target.
Concluding remarks
The eect of air gaps on the ballistic performance of the ductile spaced target penetrated by rigid, sharp, conical-nosed impactors is studied using analytical cylindrical cavity expansion models describing the interaction between a target and an impactor. It was found that the ballistic limit velocity of the target increases with the increase of the widths of the air gaps and increase of the number of the plates in the target while the total thickness of the target is kept constant. It is predicted that the increase in the ballistic limit velocity must be more pronounced with increase in the apex half angle of the nose cone and the density of the material of which the target is made. Certainly, the validity of these result for various conditions of penetration (dierent materials of the target, widths of the plates, half angles of the apex, etc.) must be con®rmed experimentally.
